Rhodopsin, a prototypic G protein-coupled receptor responsible for absorption of photons in retinal rod photoreceptor cells, was selectively extracted from bovine rod outer segment membranes, employing mixed micelles of nonyl ␤-D-glucoside and heptanetriol. Highly purified rhodopsin was crystallized from solutions containing varying amounts of detergent and amphiphile. The crystals contained ground state rhodopsin molecules as judged by their red color and the linear dichroism originating from the 11-cisretinal chromophore. However, when exposed to visible light, even at 4°C, rhodopsin was bleached and the crystals decomposed. Reflections in the diffraction pattern were observed out to 3.5-Å resolution at 100 K for the most ordered crystals. Diffraction data have been processed to 3.85-Å resolution. The symmetry of the diffraction pattern and the systematic absences indicate that the crystals have tetragonal symmetry, space group P4 1 22 or P4 3 22, a ‫؍‬ b ‫؍‬ 96.51 Å, c ‫؍‬ 148.55 Å. A value of 4.12 Å 3 /Da for V M was obtained for one monomer in the asymmetric unit (eight molecules per unit cell). Our study is the first characterization of a three-dimensional crystal of a G protein-coupled receptor and may be valuable for future structural studies on related receptors of this important superfamily.
External signals, including hormones, neurotransmitters, odors, and light, are captured by G proteincoupled receptors (GPCRs) 1 located within biological membranes. In turn, activated GPCRs trigger a wide range of intracellular biochemical changes that modify the physiology of the cells. GPCRs constitute one of the largest protein superfamilies encoded in the eukaryotic genome. They share a similar structural template of seven transmembrane helical segments connected by hydrophilic loops and display common functional properties. Upon activation, GPCR catalyze GDP/GTP exchange reactions on G proteins, resulting in the amplification of the signal and activation of the downstream effector molecules. Besides their biological importance, detailed structural knowledge of GPCRs is of enormous interest, because the G protein-mediated signal transduction systems are one of the main targets of pharmacological interventions. Therefore, structural information on any member of the GPCR family may lead to significant advances in current drug design.
Rhodopsin is a photoreceptor membrane protein responsible for visual signal transduction, and it is the best studied GPCR, both structurally and physiologically (Hargrave and McDowell, 1992; Khorana, 1992; Palczewski and Saari, 1997) . In spite of some difficulties in biochemical manipulation due to its intrinsic light sensitivity, rhodopsin can be obtained in milligram quantities from rod outer segment (ROS) disk membranes prepared from widely available bovine retina. Several attempts were made to obtain 2D and 3D crystals of rhodopsin (Corless et al., 1982; Dratz et al., 1985; Yurkova et al., 1990; DeGrip et al., 1992; Schertler et al., 1993) . Electron cryomicroscopic studies of 2D rhodopsin crystals were the most successful, and they have continued to improve the resolution of the transmembrane ␣-helical segments (Krebs et al., 1998) . Despite these efforts, the structural information now available for rhodopsin is still limited, and the need for 3D crystals suitable for X-ray diffraction analysis is more apparent than ever before.
Rhodopsin is glycosylated at Asn2 and Asn15 located at the amino-terminal region (Fukuda et al., 1979) , palmitoylated at Cys322 and Cys323 present at the carboxyl-terminal cytoplasmic loop (Ovchinnikov et al., 1988) , and acetylated at N-terminal Met. Furthermore, it contains eight Ser and Thr residues partially phosphorylated in a light-dependent reaction (Ohguro et al., 1993) . These posttranslational modifications might negatively affect the crystallization process of this transmembrane protein (Hargrave, 1995) , particularly given that the glycosylations are heterogeneous (Hargrave and McDowell, 1992) , and a small fraction of rhodopsin molecules in ROS from natural sources are heterogenously phosphorylated due to incomplete dark adaptation. To date, no structure of membrane proteins having these modifications has been solved by X-ray crystallography. For rhodopsin, previous 3D crystallization trials did not produce crystals that showed significant X-ray diffraction, leaving uncertainty about the possibility of applying X-ray crystallography for highresolution structural analysis of rhodopsin.
We have recently shown that rhodopsin can be selectively solubilized from bovine rod outer segment membranes by using a combination of alkyl(thio)glucosides and divalent cations (Okada et al., 1998) . The samples obtained by these procedures were highly purified and concentrated to allow formation of 3D crystals of rhodopsin. In this report, we describe important changes in these procedures to improve the quality of the crystals. We found that a small amphiphile, heptane-1,2,3-triol (HPTO), could be utilized not only for the expected effect of shrinking the micelle (Timmins et al., 1991) , but also for shifting the phase separation boundary in the detergent/precipitant system. After numerous trials, we have now established a range of the optimal conditions for 3D crystallization of bovine rhodopsin, giving X-ray diffraction to 3.5-Å resolution. Procedures critical for obtaining the best diffraction are also discussed. This information may stimulate future structural studies on related proteins that belong to this superfamily and on other types of membrane proteins.
Frozen bovine retinas were purchased from Schenk Packing Co., Inc. (Stanwood, WA). Nonyl glucoside (NG) and HPTO were obtained from Anatrace and Fluka, respectively. Ammonium sulfate (AS), zinc acetate, and 2-(N-morpholino)ethanesulfonic acid (MES) were purchased from Sigma/Aldrich and from Wako Chemicals (Japan). All of the solutions used were supplemented with 0.01% NaN 3 . Stock solutions were prepared at the concentrations of 4 and 3.5 M for AS, 1 M for zinc acetate and sodium acetate, 0.5 M for MES, and 14-17% (w/w) for NG and HPTO.
All of the manipulations involving rhodopsin were performed under dim red light (SC66 or SC68, Fuji), including X-ray diffraction experiments. Washed ROS membranes were prepared as described previously (Okada et al., 1998) with the modification that the washings were repeated four times only with deionized water supplemented with 1 mM DTT and 0.01% NaN 3 . Another protocol for ROS preparation (Papermaster, 1982 ) also yielded almost the same results in both purification and crystallization of bovine rhodopsin.
In a typical experiment, the membrane suspension was concentrated to more than 10 mg/ml and mixed with about one-half volume of solubilization solution to give the final concentrations: 30-50 mM MES (pH 6.3-6.4) or sodium acetate (pH 6.0), 90-120 mM zinc acetate, 0.5-0.65% HPTO, and NG/rhodopsin ratio of ϳ2.2 (w/w). The suspension was incubated in an Eppendorf tube at ambient temperature for 5-10 h. Then, the sample was centrifuged for 3 min and the supernatant was collected. Some additional precipitate from the sample, which was occasionally observed within about a week at 4°C, was removed by a similar centrifugation before use. Typical rhodopsin solutions (7-9 mg/ml) gave A 280 /A 500 values of ϳ1.6, with a minimum of 1.56. The spectrum (absorption maximum at 500 nm) of the samples was indistinguishable from that obtained without HPTO (Okade et al., 1998) .
Crystallization was performed by hanging drop vapor diffusion. The supernatant, prepared as described above, was diluted with about one-third volume of crystallization buffer to give final concentrations of ϳ30 mM MES or sodium acetate, 5-7 mM ␤-mercaptoethanol, 65-90 mM Zn(OAc) 2 , 0.55-0.75% HPTO, 0.45-0.55% NG, 0.84-0.86 M AS. It should be noted that, unlike the other components, this NG concentration is the amount that is added to the purified solution, which already contains NG at a fixed ratio to rhodopsin as described above. Then, 9-11 µl of the solution was applied to a siliconized coverslip and fixed on a 24-well culture plate (Iwaki, Japan) with sealing oil (Hampton Research). The samples were equilibrated against MES-buffered 3.0-3.4 M AS (pH 6.0-6.1) at constant temperature and in complete darkness for at least 45 days, except for a few examinations by microscope under red light.
For X-ray diffraction experiments, crystals were frozen and stored in liquid N 2 . First, crystallization drops were screened by microscope under dim red light, then ϳ10 µl of cryoprotectant solution, contain-ing 15% sucrose, 0.4% HPTO, and 3.4 M AS was added directly to the mother liquor. Within a few minutes, crystals were transferred with a small nylon loop, frozen in liquid nitrogen, and stored in a Dewar. The crystals were pretreated as described under Results. Preliminary X-ray experiments were carried out at BL41XU of SPring-8, at BL6B of the Photon Factory, and on an in-house R-axis II area detector system. The data set to 3.85 Å was collected at BL9-1 at the Stanford Synchrotron Radiation Laboratory under cryogenic conditions (100 K). Diffraction intensities were recorded on a MAR345 image plate detector, with a diameter of 180 mm and a pixel size of 0.1 mm. The X-ray wavelength was 0.78 Å, and the crystal-to-detector distance was 200 mm. The exposure time for each 1.2°oscillation frame was ϳ3 min. The data were processed with Denzo and Scalepack (Otwinowski and Minor, 1997) .
The samples for crystallization trials have been prepared in micellar solutions containing an amphiphile, HPTO, which is smaller in size than most of the biological detergent monomers including NG. We found that the mixed micelle system, NG/HPTO, enables us to prepare highly purified rhodopsin samples by single-step extraction from ROS membranes (Okada et al., 1998) . Furthermore, NG/HPTO provides a stabilizing environment for rhodopsin. No loss of chromophore was observed for more than 1 month at 4°C. However, it also should be noted that the acceptable concentration of HPTO during preparation and crystallization is limited to a range far below the value utilized for other membrane protein solubilization (Gast et al., 1994) and crystallization (Michel, 1983; Koepke et al., 1996) . The bulk concentration of HPTO was optimized to be 0.5-0.6% for solubilization and 0.55-0.75% for crystallization of rhodopsin. Even at this low concentration, HPTO was found to be sufficient to prevent phase separation and greatly improve the quality of the crystals.
Most of the crystallization trials were done by a conventional hanging drop vapor diffusion method, with the volume of sample and reservoir being 10 and 500 µl, respectively. For the precipitants, a series of polyethylene glycol (PEG) was found to destabilize rhodopsin. Unfavorable effects of polyoxyethylene (POE) groups on rhodopsin were also found by employing a series of detergents, which have POE as their hydrophilic groups. PEG was discontinued from further studies.
The second precipitant used was AS. In optimized conditions, the gradient of AS formed during the vapor diffusion led to more than a threefold increase in rhodopsin concentration. This high increase in rhodopsin concentration caused difficulty in controlling the crystallization process. Increasing the initial AS concentration in the drop resulted in lower protein concentrations after equilibration. Accordingly, higher final AS concentrations were required for crystal formation. In addition, the higher AS concentrations make crystal manipulation more difficult due to phase separation and AS crystallization. In spite of these difficulties, AS was selected for further studies, because the appearance of crystals was highly reproducible. Crystals were of bovine rhodopsin was initially obtained under phase separation of the NG/AS system, at very high NG and AS concentrations, and at room temperature. Further increase of detergent helped to decrease the final AS concentration required for crystal formation. Although we observed various types of crystals formed under those conditions, they appeared to be of poor morphological quality. Therefore, it was necessary to decrease both the NG and the AS concentrations for crystal formation. During this process, we also optimized most of the parameters, including pH, temperature, and the concentrations of additives such as HPTO, zinc acetate, and ␤-mercaptoethanol. The optimized values are described under Materials and Methods.
After at least 1 month of equilibration at 3 to 5°C, rhodopsin crystals appeared and continued to grow for up to 3 months, mostly as multiple thin rods, with a small amount of amorphous materials (Fig. 1) . Initial protein concentrations higher than 7 mg/ml do not improve the growth rate of rhodopsin crystals. Optimally, each of the branches reached ϳ0.1 ϫ 0.1 ϫ 0.5 mm in size and exhibited strong birefringence (Figs. 1a and 1b) . Also, the linear dichroism suggested that the transition dipole moment of the 11-cis-retinal chromophore is aligned almost perpendicularly to the longest axis of crystal (Figs. 1c and  1d ).
These images, however, can be only transiently captured, because continuous exposure to the light of the microscope causes severe damage to the crystals within a few minutes, even at 4°C (Fig. 1e) . In an optimal case, one would expect to see damage only to the crystals whose chromophore orientation matches the direction of polarization (indicated by their red colors). This orientation-dependent damage could be detected in a photograph taken at a much earlier time and was also clearly obtained in another case for which a series of photographs were taken at room temperature where the light-induced change occurred more quickly (data not shown). Therefore, the light-induced morphological change of the rhodopsin crystals is likely to be induced by the isomerization of the chromophore and the subsequent conformational change of the protein molecules, possibly leading to formation of the active intermediate, MII, and late products such as MIII and free opsin · alltrans-retinal.
Most of the attempts to obtain X-ray diffraction from crystals of bovine rhodopsin resulted in only a limited resolution up to 5 Å, even at cryogenic temperatures using synchrotron radiation. One reason for this could be the cryoprotectant, because most of the compounds known to have cryoprotective effects either were incompatible with the high AS concentration, which is essential to prevent dissolution of crystals, or caused degradation of the rhodopsin crystals within a few hours. Although a low concentration of sucrose seemed to be most suitable in terms of crystal stability, we also found that it was necessary to add HPTO to the sucrose solution to extend the lifetime of the crystals. These trials prompted us to pretreat the crystals in a solution which contained HPTO, AS, and MES buffer for several days before they were frozen in liquid nitrogen. Such crystals were found to diffract much better and some of them gave spots around 3.5-Å resolution (Fig. 2) .
One of the data sets collected allowed us to obtain the unit cell parameters (Table 1 ). The space group of these tetragonal crystals of bovine rhodopsin is P4 1 22 (or P4 3 22) with unit cell dimensions of a ϭ b ϭ   FIG. 1 . Three-dimensional crystals of bovine rhodopsin. Photographs of bovine rhodopsin crystals were taken at 4°C, first under crossed polarizers (a, b) with a red-filtered light to prevent bleaching. View b was obtained after rotating both polarizers by 45°. Then linear dichroism of the crystals was detected under brief exposure (less than 10 s) to a vertically (c) or horizontally (d) polarized white light. Finally, the crystals were subjected to continuous illumination for ϳ3 min, resulting in severe morphological and color change (e).
96.51 Å, c ϭ 148.55 Å at 100 K. A V M value (Matthews, 1968) of 4.12 Å 3 /Da was obtained for eight rhodopsin-detergent complexes in the unit cell, assuming the molecular weight of bovine rhodopsin to be 42 000 Da (Schey et al., 1992) . The V M value is within the expected range for a membrane protein crystal (Deisenhofer et al., 1995; Pautsch and Schulz, 1998) . Further experiments are now in progress to improve the data sets and search for heavy atom derivatives. Molecular replacement calculations using structural models obtained from distance geometry calculations (Pogozheva et al., 1997) or from experimental restraints (Herzyk and Hubbard, 1998) are continuing. We anticipate that multiple isomorphous replacement or multiwavelength anomalous structure.
Our results demonstrate, for the first time, that   FIG. 2 . X-ray diffraction image from a three-dimensional crystal of bovine rhodopsin. The oscillation image (1.2°) from a frozen crystal of bovine rhodopsin taken at beamline 9-1 of SSRL (Stanford Synchrotron Radiation Laboratory). The crystal was exposed to X rays of 0.78-Å wavelength for ϳ180 s at 100 K and the diffraction was recorded with a MAR345 imaging plate, which is placed 200 mm from the crystal. The circle on the image corresponds to 3.5-Å resolution. The crystal was exposed to X rays of 0.78-Å wavelength for ϳ180 s at 100 K and the diffraction was recorded with a MAR345 imaging plate, which was placed 200 mm from the crystal.
b Numbers in parentheses are for the outermost shell of data.
bovine rhodopsin can assemble to make a 3D crystal diffracting to a moderate resolution suitable for structural analysis. The procedure is based on a common strategy that membrane proteins can be crystallized from micellar solutions (Michel, 1983 (Michel, , 1991 and at conditions close to a boundary for phase separation (Kü hlbrandt, 1988) . Although 3D crystallization of rhodopsin has become possible because of the availability of this protein from natural sources, a summary of our extensive optimization process may be useful for future crystallization of other members of the GPCR superfamily expressed in a heterologous system. A critical aspect in membrane protein crystallization is the choice of the system in which the protein molecules are incorporated. In our case, the NG/ HPTO mixed micelle system seems to work well throughout the process from purification to crystallization. The use of HPTO for solubilization has been applied to only a limited number of membrane proteins. One such study showed that HPTO made a substantial contribution to the solubilization of the photosynthetic reaction center, leading to a remarkable decrease in the amount of detergent required for the process (Gast et al., 1994) . In contrast, the concentration of HPTO in our solubilization condition may be too low to affect the amount of detergent necessary, as indicated by the fact that the optimal NG/rhodopsin ratio for highly selective solubilization from ROS membranes does not change significantly with the addition of HPTO. It should be noted, however, that the presence of HPTO was found to be essential especially for the storage of the purified sample at 4°C or below, preventing a temperatureinduced phase separation which could result in the complete denaturation of rhodopsin.
Although we do not have any direct evidence that HPTO molecules are actually incorporated in the rhodopsin micelle, the following findings suggest that they are a part of the components that make up the rhodopsin crystals. First, the increase of HPTO concentration Ͼ0.8% either in the solubilization solution or in the crystallization mother liquor significantly reduces the size of the crystals. These results can be explained if rhodopsin is less stable when the proportion of HPTO in the solution is high. Second, as mentioned above, the presence of HPTO in the cryoprotectant solution helps to increase the lifetime of the crystals. Finally, the addition of HPTO to the solubilization solution slightly but reproducibly decreases the minimal amount of NG required. Therefore, it seems reasonable to suggest that HPTO acts as a part of the solvent surrounding the rhodopsin molecules. Although the use of HPTO has proved to be successful for X-ray crystallography of membrane proteins, mostly with a detergent LDAO whose size is nearly equal to octyl ␤-D-glucoside, our results suggest that it can be useful even with a larger detergent. In addition, the NG/HPTO mixed micelle system, with AS as a precipitant, may be suitable for membrane proteins which are crystallizable at high AS concentration. A boundary for phase separation of the NG/AS system can be shifted from ϳ1.5 to ϳ3 M (for 1% NG) by the addition of only 0.4% HPTO. This is almost the same as the minimal concentration required to prevent phase separation in our crystallization conditions. We suppose that our current conditions are close to such a boundary, providing an appropriate environment for crystallization of bovine rhodopsin. It should be mentioned that we obtained various types of rhodopsin crystals in the absence of HPTO under conditions of phase separation at almost the same AS concentration as that of the current condition (Okada et al., 1998) . Although these crystals also exhibited obvious linear dichroism, we found that they were very fragile, being easily damaged upon touching the detergent-rich phase, and did not seem to be suitable for structural analyses.
Since the purification process does not include any chromatographic steps, the number of endogenous lipids associated with a rhodopsin molecule (ϳ18) may be higher than the level that is commonly accepted for membrane protein crystallization. Although we have not yet analyzed the lipids, which are incorporated in the crystal, it seems possible that the retained lipids provide a proper environment for the two palmitoyl groups at the carboxyl-terminal loop of bovine rhodopsin. We suppose, however, that some of the lipids may be removed during crystallization, because amorphous material appears during crystallization. Both high concentrations of divalent cation (ϳ100 mM Zn(OAc) 2 ) and long periods for crystallization may be required for such a delipidation process. It may also be possible that the divalent cations contribute during the solubilization process, resulting in selective aggregation of a minor population of bleached, and thus phosphorylated, rhodopsin molecules.
The results from both linear dichroism detection and parameters of the crystallographic unit cell give us some suggestions about the packing of rhodopsin molecules. Since the transition dipole moment of 11-cis-retinal should be almost normal to the c-axis (Fig. 1) , it is likely that rhodopsin molecules are tilted against this axis, according to previous measurement of the angle between the dipole moment and bilayer plane (Liebman, 1962) . In addition, the presence of a screw along the c-axis suggests that the molecular contacts are not simple head-to-tail interactions between extramembrane loops/tails. It may be possible that the detergent rings surrounding rhodopsin molecules are interconnected to play substantial roles in maintaining the crystal lattice, as observed previously (Roth et al., 1989) . This interpretation seems to be consistent with our observation that the addition of the excess detergent facilitates the growth of the crystals.
After exposure to visible light, the crystals of rhodopsin bleached and failed to diffract X-rays, as expected from experimental evidence that light triggers a large conformational change in the protein moiety (Farrens et al., 1996) . This observation is in contrast to the case of bacteriorhodopsin, the structure of which has been determined by X-ray crystallography at high resolution in its stable light-adapted ground state (Essen et al., 1998; Pebay-Peyroula et al., 1997) . It would be very interesting to see which transition in the photoreaction process of rhodopsin is responsible for this irreversible deterioration of the crystal lattice. Although we have no qualitative data about the transition time constants between photointermediates within the crystal, it seems likely that either the formation or the decay process of MII causes the macroscopic change of crystal morphology.
In summary, although the current resolution of the tetragonal crystal is still limited, it appears that further improvements of the procedure and the use of a third generation synchrotron X-ray source will enable us to solve the atomic structure of this important membrane protein. These detailed experimental data should be helpful in structural investigations of other membrane proteins including members of the GPCR superfamily.
